Abstract. Uterine leiomyosarcoma (uLMS) is a rare but malignant gynaecological tumour with a poor survival outcome. The present study was aimed at identifying the key genes and pathways in the development of uLMS through bioinformatics analysis. To minimize the frequency of false-positive results of the bioinformatics analysis, 3 microarrays including GSE764, GSE64763 and GSE68312 were downloaded from Gene Expression Omnibus (GEO). Differentially expressed genes (DEGs) were screened out using the online tool GEO2R. Then, Gene Ontology and Kyoto Encyclopaedia of Genes and Genomes pathway enrichment analyses were performed using the Database for Annotation, Visualization and Integrated Discovery. Finally, a protein-protein interaction (PPI) network of the DEGs was constructed using Cytoscape, and module analysis was conducted using the plug-in MCODE. A total of 95 DEGs including 21 upregulated genes and 74 downregulated genes were identified. The upregulated DEGs were annotated with 'DNA metabolic process', 'nucleobase-containing compound biosynthetic process' and 'cellular macromolecule biosynthetic process', while the downregulated DEGs were annotated with 'cellular response to chemical stimulus', 'movement of cell or subcellular component' and 'response to inorganic substances'. The results of the PPI network analysis demonstrated that matrix metallopeptidase 9, apolipoprotein E, cyclin E1 and syndecan 1 were the predominant upregulated genes in uLMS. Additionally, the genes in the main module were enriched in 'proteoglycans in cancer', 'p53 signalling pathway' and 'extracellular matrix-receptor interaction'. The key genes and pathways identified in the present study may provide valuable clues for clarifying the molecular mechanism underlying the development of uLMS and demonstrate promise for use as diagnostic markers and therapeutic targets.
Introduction
Uterine sarcoma is a rare but aggressive malignant gynecological tumor with unknown aetiology and pathogenesis. Uterine leiomyosarcoma (uLMS) is the most common histological subtype of uterine sarcoma originating in the smooth muscles of the myometrium. It accounts for only 1% of all uterine malignancies; however, it contributes to a considerable proportion of uterine cancer deaths (1) . With poor biological characteristics, the overall 5-year survival rate for uLMS is only 25% (2) . Surgical treatment is the mainstay of therapy for uLMS; however, 50-71% of these patients would develop recurrence (1) . Adjuvant radiotherapy and chemotherapy have minimal effect on improving patient survival (3, 4) . Hormone therapy appears to be effective for hormone receptor-positive uLMS; however, the evidence for this is inadequate (4) . Targeted therapy has been developed rapidly in recent years and it is expected to be a promising treatment for uLMS. Thus, it is necessary to explore the molecular aetiology and pathogenesis of uLMS and to search for therapeutic molecular targets.
The study of uLMS is challenging because of its rarity. Recently, the genome-wide DNA microarray, which is a high-throughput platform for the analysis of gene expression, has been regarded as an efficient tool for detecting molecular changes in diseases. There are a few microarrays of uLMS in the Gene Expression Omnibus (GEO) repository; however, no detailed bioinformatics analysis has been performed. The most relevant study was conducted by Barlin et al (5) . They examined and compared the expression profiles of uLMS cells, fibroids and normal myometrium for the identification of molecular subtypes and correlation with clinical outcomes. In addition, they found that some genes that are related to cell-cycle regulation, such as CDC7, CDC20, GTSE1, CCNA2, CCNB1 and CCNB2 were overexpressed in uLMS. However, the interactions among the differentially expressed genes (DEGs) still remain poorly understood.
Consequently, we performed bioinformatic analysis to explore the changes in the expression of mRNA and interactions among the DEGs during the occurrence of uLMS. To minimize the frequency of false-positive results of the microarray analysis, we used 3 microarrays including GSE764, GSE64763 and GSE68312 which were downloaded from GEO (http://www.ncbi.nlm.nih.gov/geo/). In the present study, we identified DEGs between leiomyosarcoma samples and normal myometrial samples using the web tool GEO2R. Then, we performed Gene Ontology (GO) and Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway enrichment analyses for identifying enriched biological functions and pathways. In addition, we constructed protein-protein interaction (PPI) networks of the DEGs and key modules in the PPI networks to identify important genes and related pathways. Our study provides new information on the molecular aetiology and pathogenesis of uLMS and to provide novel potential molecular targets for treatment.
Materials and methods
Microarray data. After searching the GEO repository at the National Centre for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/geo/) for relevant microarray data on uLMS, the three most eligible gene expression profiles were found: GSE764, GSE64763 and GSE68312. The GSE764 profile consists of 26 samples, including 4 myometrial samples, 9 uLMS samples and some other leiomyoma and leiomyosarcoma samples. The GSE64763 profile consists of 25 fibroid samples, 25 leiomyosarcoma samples and 29 normal myometrial samples. The GSE68312 profile consists of 3 uLMS samples, 3 uterine normal myometrial samples and some samples of uterine leiomyoma tissues and cell lines of human uLMS as well as methylated forms of all these samples.
Identification of DEGs.
After the irrelevant samples were excluded, the uLMS samples were compared with the normal myometrial samples using GEO2R. GEO2R, which is an interactive web tool, is designed for the identification of genes that are differentially expressed across experimental conditions by comparing two or more groups of samples in a GEO series. When analysed by the GEO2R, results were presented as a table of genes ordered by significance, then we can choose to view profile graphs of the top 250 genes or save the complete results table. In this way, the DEGs of the three gene expression profiles were identified. The genes with |log FC| ≥1 were regarded to be differentially expressed and P<0.05 was considered to indicate a statistically significant difference. Then, the genes that were differentially expressed in all the three microarrays with identical expression patterns were deemed as DEGs in this study. is an open source software that allows for the visualization of molecular interaction networks and the integration of these networks with gene annotations and expression profiles. All the identified DEGs were uploaded to STRING (version 10.0) for the analysis of their interactions. Comprehensive information on the interactions of these DEGs was downloaded from STRING and the interactions with a combined score >0.4 were selected for constructing the PPI networks using the Cytoscape software. Next, significant modules from the PPI network were extracted using the plugin, Molecular Complex Detection (MCODE) with cut-off criteria of MCODE scores >3 and number of nodes >5. Then, the functional and pathway enrichment analyses of the genes in these modules were performed. P<0.05 was considered to indicate a statistically significant difference.
GO analysis and

Results
Identification of the DEGs. Analysed with GEO2R, genes which were differentially expressed between uLMS samples and normal myometrial samples were screened based on the data of GSE764, GSE64763 and GSE68312 profiles. Totally 779, 1,090 and 4,142 DEGs were identified, respectively. Among them, 101 genes were identified in all of the three datasets and 95 genes including 21 upregulated genes and 74 downregulated genes exhibited identical expression patterns (Fig. 1) .
GO term and KEGG pathway enrichment analysis.
The results of GO categories analysis including biological processes (BP), cellular components (CC) and molecular functions (MF) are displayed in Table I . P<0.05 was considered as the cut-off value. When the number of significant terms was >3, only the 3 predominant terms were present. Firstly, the upregulated DEGs were annotated with the BP category, including 'DNA metabolic process', 'nucleobase-containing compound biosynthetic process' and 'cellular macromolecule biosynthetic process'; the downregulated DEGs were annotated with the GO terms, 'cellular response to chemical stimulus', 'movement of cell or subcellular component' and 'response to inorganic substance'. Secondly, the upregulated DEGs were annotated with the GO terms of the CC category, namely, 'cyclin-dependent protein kinase holoenzyme complex' and the downregulated DEGs were annotated with 'sarcolemma', 'plasma membrane region' and 'integral component of plasma membrane'. Thirdly, the upregulated DEGs were annotated with the GO terms of the MF category, such as 'transcription factor activity' ('RNA polymerase II transcription factor recruiting' and 'transcription factor recruiting') and 'cyclin-dependent protein serine/threonine kinase regulator activity'; and the downregulated DEGs were annotated with 'potassium channel activity', 'potassium ion transmembrane transporter activity' and 'calcium-activated potassium channel activity'. As shown in Table I , the significantly enriched KEGG pathways of the DEGs with P<0.05 were 'transcriptional misregulation in cancer', 'proteoglycans in cancer' and 'pathways in cancer', all of which were pathways of downregulated DEGs. No significant pathway of upregulated DEGs was identified.
Hub genes and significant modules screened from the PPI network. After all the DEGs were uploaded to the online STRING database, the PPI network with 65 nodes and 119 edges was constructed using the Cytoscape software (Fig. 2) . Sixteen hub DEGs with the node degree >5 were obtained (Table II) . Among them, MMP9, APOE, CCNE1, SDC1 and FOXM1 were the major upregulated genes, while ESR1, CXCL12, AR and WT1 were the major downregulated genes. Then, one significant module that fulfilled the cut-off criteria, namely, MCODE scores >3 and number of nodes >5, was screened (Fig. 2) . The SDC1, APOE, IGF1, THBS1 and CXCL12 genes were identified in the module. GO analysis of these genes showed that they were annotated with 'cell migration', 'cell motility' and 'localization of cell' (Table III) . In addition, the KEGG enrichment analysis suggested that these genes were mainly involved in 'proteoglycans in cancer', 'malaria', 'p53 signalling pathway' and 'ECM-receptor interaction' (Table III) . Based on the PPI network and the analysis of the significant module, the interactions between the DEGs were revealed clearly.
Discussion uLMS is a rare tumor with unknown aetiology. All current therapies for uLMS have some limitations because of its high rates of recurrence and metastasis. Therefore, the recently emerging targeted therapy shows importance. Bioinformatics analysis of data from high-throughput sequencing and microarrays can accurately reveal the potential molecular mechanisms of the development of uLMS and predict therapeutic targets by comparing sarcoma lesions with normal tissues. In the present study, based on the profiles, GSE764, GSE64763 and GSE68312 from the GEO repository, 21 upregulated and 74 downregulated DEGs were identified by comparing uLMS samples with normal myometrial samples. Further analysis was performed in order to explore the relations among the DEGs and the interactions of their protein products. Functional annotation and enrichment analysis were performed using the online resource DAVID to obtain information on the biological functions of these DEGs. On the one hand, the results of the GO analysis suggested that the upregulated DEGs were annotated with 'DNA metabolic process', 'nucleobase-containing compound biosynthetic process' and 'cellular macromolecule biosynthetic process', while the downregulated DEGs were annotated with 'cellular response to chemical stimulus', 'movement of cell or subcellular component' and 'response to inorganic substance'. The increased levels of DNA replication and translation are comprehensible for the uncontrolled proliferation of cancer. On the other hand, the KEGG analysis showed that the downregulated DEGs were enriched in 'transcriptional misregulation in cancer', 'proteoglycans in cancer' and 'pathways in cancer'. As reported in the literature, transcriptional deregulation (6) as well as alteration of pathways such as the p53 signalling pathway, the Wnt signalling pathway and the PI3K/AKT/mTOR pathway were verified in many types of cancer. For example, Wnt signalling pathway was proved important in cancer progression, including tumor initiation, growth, metastasis as well as cell senescence and death in breast cancer and colonal cancer; importantly, targeting WNT signalling pathways is potential new therapy in cancer patients (7) . The expression of PTEN, which is a negative regulator of PI3K/AKT/mTOR signalling pathway, was significantly reduced in more than one half of uLMS patients; what's more, the PI3K/AKT/mTOR signaling inhibitor sapanisertib and serabelisi are currently tested in clinical trials for sarcomas (8) . In addition, alteration of the expression of proteoglycans during the development of cancer was also confirmed (9) . Therefore, the results of the GO and KEGG analyses in our study are consistent with those of the previous studies and could provide a novel understanding of the pathogenesis of uLMS.
With the information on the interactions from STRING, the PPI network was constructed to reveal the relations among the DEGs. MMP9, also called matrix metallopeptidase 9, was the principal upregulated gene with the highest node degree. It bears direct interactions with some other key genes such as ESR1, SDC1, APOE, THBS1, CXCL12, IGF1, FOXM1, AR and WT1. As the major member of the matrix metallopeptidase family, MMP9 plays a vital role in tumor progression because of its ability to degrade the extracellular matrix. It is reported that activation of ERK drives the upregulation of MMP9 expression and subsequent MMP9 mediated shedding of SDC1 (syndecan 1) (10). According to the study by Brule et al (11) , the shedding of SDC1 mediated by the MMP9 was accelerated by SDF-1/CXCL12 in HeLa cells and human primary macrophages. In addition, an MMP9-miR-494-SDC1 regulatory loop was revealed to be associated with irradiation-induced angiogenesis in medulloblastoma cells. In this regulatory mechanism, suppression of miR-494 by MMP9 leads to the enhanced SDC1 shedding and angiogenesis (12) . In addition, the overexpression of FOXM1 can upregulate the MMP9 expression by combining to its promoter, leading to the promotion of proliferation, migration and invasion of epithelial ovarian cancer cells (13) . In the contrary, MMP9 expression could be inhibited by THBS1 leading to the suppression of cell invasion in colon and ovarian cancers (14) . Furthermore, MMP9 was also reported to activate latent cytokines and growth factors (15) . In breast carcinoma, it was demonstrated that fibroblasts could promote angiogenesis and then, enhance tumor growth by the upregulation of MMP9 via the MAPK-AP1 signalling axis, which is co-stimulated by TGF-β, TNF-α and IL-1β (15) . In colorectal cancer (CRC), MMP9 was overexpressed in each clinical stage and could be used as a diagnostic marker (16) . More notably, the significant negative correlation between the inhibition of Matrigel invasion and MMP9 levels in SK-UT-1 uLMS cells found by Roomi et al (17) was in support of our study. Contrary to MMP9, ESR1, which encodes oestrogen receptor 1 (ER1), was the principal downregulated gene with the most connections with other genes. In consonance with our results, the loss of ER1 activity was reported in uLMS relative to uLMY (18, 19) . Moreover, the expression of ER1 was statistically related to survival in patients with uLMS and IHC testing of ER1 in these patients was recommended (20) . However, as reported by Garcia et al (21) , the expression of ER1 was not significantly correlated with the survival in patients with uLMS. According to the literature, ER1 was expressed in 40-80% of patients with uLMS and longer progression-free-survival (PFS) was observed in patients with advanced uLMS with strongly expressed ER and progesterone receptor (PR) when treated with aromatase inhibitors (22) . Therefore, MMP9 and ESR1 may play crucial roles in the progression of uLMS and may be of great value as prognosis markers.
Further, module analysis of the PPI network and the enrichment analyses were performed. Results showed that the main module was primarily involved in 'cell migration' and 'cell motility', while the enrichment pathways were 'proteoglycans in cancer', 'malaria', 'p53 signalling pathway' and 'ECM-receptor interaction'. The upregulated SDC1 and APOE genes and the downregulated THBS1, CXCL12 and IGF1 genes are all hub genes of the significant module. Among these genes, only the expression of THBS1 (thrombospondin 1) has been studied in uLMS and the results of most studies were consistent with our results. For instance, THBS1 was identified as a gene encoded by a BAC clone, whose expression was frequently lost in uLMS (23); THBS1 expression was moderate in uLMY but minimal in uLMS (24) ; THBS1 was less frequently expressed in uLMS than in uLMY with a significantly negative correlation between its expression and lymph-vascular space invasion in uLMS (25) . THBS1, which is a secreted protein, functions as an endogenous anti-angiogenic agent with the ability to interfere with endothelial cell migration and survival. It was reported that the loss of THBS1 expression was related to worsening of PFS due to the abrogation of the suppressive effects on angiogenesis and metastasis (14) . The suppression of THBS1 by the activation of the β-adrenergic signalling pathway could induce angiogenesis in prostate cancer (26) . What's more, research indicated that SDC1 could be necessary in coupling between THBS1 and fascin spike formation, resulting in the promotion of cell spreading and cytoskeletal organization (27) . SDC1 encodes the type1 transmembrane heparan sulphate proteoglycan (HSPG) that contributes substantially to the cell-cell and cell-matrix interactions, cell growth and migration, neovascularisation and adhesion-dependent signalling pathways. As reported by Alexander et al (28) , SDC1 is essential for tumorigenesis, which is induced by the Wnt-1 signalling pathway in mouse mammary gland. By interacting with laminin 332, SDC1 could promote tumor invasion via the PI3 K and RAC1 signalling pathways (29) . Clinically, SDC1 has proved to be valuable as a prognostic marker in metastatic CRC patients (30) . In addition, SDC1 was found to internalize Apolipoprotein E-very low-density lipoproteins (apoE-VLDL) in human fibroblasts through a low density lipoprotein receptor-related protein (LRP)-independent pathway (31). ApoE, encoded by gene APOE, is mainly produced by the liver and the macrophages of peripheral tissues and astrocytes of the brain. As a major component of low-density lipoproteins (LDL) and VLDL, ApoE mediates the metabolism and transport of lipoproteins (32) . It is noteworthy that ApoE is related to tumorigenesis. For example, serum ApoE levels were strikingly elevated in non-small cell lung cancer (NSCLC) patients (33) as well as in breast cancer patients (34) relative to normal healthy controls; meanwhile, the elevated levels of ApoE were correlated with tumor metastasis and poor prognosis. Furthermore, in gastric cancer, the DEGs related to ApoE such as the upregulated transcription factors, signal transducer and activator of transcription 2 (STAT2) and STAT3 were mainly involved in the JAK-STAT cascade and the steroid hormone response (35) . However, different from current views, CXCL12 and IGF1, which are usually related to tumor invasion and metastasis, are downregulated in uLMS which is a finding of our study. CXCL12, which is also known as stromal cell-derived factor 1 (SDF1) or pre-B cell stimulating factor (PBSF), is a chemokine that mediates inflammatory response, regulates stem cell migration and participates in tumor metastasis. CXCL12 regulates multiple tumor-related factors via the CXCL12-CXCR4 axis and finally results in tumor progression in various cancers. However, Roy et al (36) found that the expression of CXCL12 was low in pancreatic cancer tissue relative to healthy tissue and they concluded that the expression of CXCL12 suppressed tumor growth and metastasis in pancreatic cancer based on the results of their study. Besides, CXCL12 was identified as the target of oestrogen in ER-positive ovarian cancer and breast cancer and ER-positive cell lines could express CXCL12 with the existence of oestradiol (37) . As mentioned previously, the expression of ER was low in uLMS. Collectively, it is possible that CXCL12 is downregulated in uLMS; however, further studies are required for understanding its effect. Insulin-like growth factor 1 (IGF1) is an important polypeptide growth factor which could promote proliferation and inhibit apoptosis by activating the PI3K-Akt and MAPK pathways in cancer. At present, there is no report on the expression or effect of IGF1 in uLMS. The major significant genes and pathways were identified based on the results of the module analysis and the enrichment analysis, which may help in the better understanding of the mechanism of the development of uLMS.
In addition to the abovementioned genes, CCNE1, FOXM1, AR and WT1 are also crucial hub genes. CCNE1 and FOXM1, both trigger cancer; however, no study on their role in uLMS has been reported. Cyclin E1 (CCNE1), a key regulator of the G1/S transition, suppresses the retinoblastoma (RB) protein by activating cyclin-dependent kinases (CDK), leading to unrestricted proliferation. It was reported that CCNE1 was overexpressed in breast cancer (38) as well as in ovarian cancer (39) and could be used as a potential target for ovarian cancer therapy (39, 40) . FOXM1, a transcriptional factor with the fork head domain, is related to proliferation, angiogenesis metastasis, which are vital events of tumorigenesis and tumor progression (41, 42) . FOXM1 was identified as a driver of tumor progression and potential clinical marker in aggressive cancers, such as prostate cancer and breast cancer and the suppression of FOXM1 was regarded as a promising method of cancer therapy (41, 42) . In contrast to CCNE1 and FOXM1, AR and WT1 were the downregulated genes identified in our analyses. AR is the gene that encodes the androgen receptor. In the study by Koivisto-Korander et al (20) , AR immunoreactivity was absent in all 100 uterine sarcoma samples including 28 uLMS samples. Similarly, AR was found to be related to a lower risk of recurrence of uLMS by Leitao et al (43) . Wilms tumor-1 (WT1) protein, is a transcription factor as well as a tumor suppressor. Mutations in WT1 were reported to relate to childhood tumors of the kidney (44) . Studies suggested that WT1 was less expressed in uLMS than in uLMY (45) and patients with WT1-negative high-grade uterine sarcoma had a better prognosis than the patients with WT1-positive tumors (46) . From the abovementioned findings, we conclude that AR and WT1 could be used as prognostic markers, while CCNE1 and FOXM1 may also participate in the development of uLMS and more studies are required to reveal the underlying mechanisms.
In conclusion, a total of 95 DEGs including 21 upregulated genes and 74 downregulated genes were identified in the uLMS samples. As per the PPI network and module analysis, the DEGs are enriched in 'proteoglycans in cancer', 'p53 signalling pathway' and 'ECM-receptor interaction'. In addition, MMP9, APOE, SDC1, CCNE1 and FOXM1 may play predominant roles in the initiation and progression of uLMS. This study is the first to identify the key DEGs and related pathways as well as the interactions among these key genes in uLMS using bioinformatic analysis, which may provide a novel understanding of the underlying mechanisms and help in discovering new molecular targets for the treatment of uLMS. However, there are limitations of the present study, including relatively small sample size and no targeted experimental validation. Therefore, further studies are needed in the future.
